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Abstract—A method has been proposed for the preparation of nickel ferrite nanoparticles in a system of 
direct sodium dodecyl sulfate micelles using ion flotation. Amorphous nickel ferrite nanoparticles with the 
overall composition xNiFe 2 0 4 • yFe 2 0 3 • zH 2 0, containing dodecyl sulfate anion impurities, have been pre¬ 
pared. According to transmission electron microscopy results, the size distribution of the synthesized nano¬ 
particles has a maximum in the range 4 to 6 nm, and the ferrite is X-ray amorphous. The blocking temperature 
of the synthesized nanoparticles is 25 K. The ferrite possesses superparamagnetic properties, with a specific 
saturation magnetization of 15 A m 2 /kg at 5 K. 
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INTRODUCTION 

Nanoparticles of the MFe 2 0 4 (M = Ni, Co, Mn, 
Zn) transition metal ferrites are used in the fabrication 
of magnetic fluids, magnetic information carriers, and 
microwave radiation shields [1,2]. Nickel ferrite nano¬ 
particles have high permeability at high frequencies and 
high electrical conductivity [3]. They are also used as 
contrast agents in magnetic resonance imaging [4], 
anode materials for lithium ion batteries [5], and cat¬ 
alysts for the preparation of halogen derivatives of 
aromatic hydrocarbons [6]. Organic coatings reduce 
the magnetization of nickel ferrite nanoparticles [7], 
The electrical resistance of nanoporous and thin-film 
nickel ferrite decreases upon the adsorption of chlo¬ 
rine [8], hydrocarbons [9], ethanol [10], and other 
substances [11]. 

Nickel ferrite nanocrystals can be prepared using 
hydrothermal processing [12], ball milling [13], com¬ 
bustion reactions [14], and reverse micelles [15]. Syn¬ 
thesis in reverse micelles is carried out in a water— 
amphiphile—hydrocarbon three-component solution 
with a li mited number of amphiphiles. Use is com¬ 
monly made of sodium bis(2-ethylhexyl) sulfosucci- 
nate, which has an optimal hydrophilic—lipophilic bal¬ 
ance for the formation of reverse micelles. 

In this report, we propose a hybrid process for the 
preparation of ferrite nanoparticles from used magnetic 
materials. The process includes the preconcentration of 
simple or complex metal ions in the course of ion flota¬ 
tion [15] as its first step, followed by the synthesis of 
nanoparticles from the resultant precursors in a system 
of direct micelles as its second step [16]. The flotation 
extraction process requires relatively little energy and 
can be used in the case of large volumes of dilute aque¬ 


ous solutions. After flotation extraction, the 
amphiphiles are used in the synthesis of nanoparticles in 
direct micelles. In the synthesis of ferrites, one can use 
anionic amphiphiles of various structures, forming 
micelles in an aqueous solution. Used magnetic materi¬ 
als are dissolved in acids. Flotation extraction is appli¬ 
cable in both large- and small-scale manufacture, with 
the use of simple flotation machines. 

EXPERIMENTAL 

In this study, nickel ferrite was synthesized by the 
following procedure: Sodium dodecyl sulfate (SDS) 
(Shostka Chemical Reagents Plant) was recrystallized 
from water and ethanol. The purity of amphiphiles was 
ascertained from the lack of a minimum in the surface 
tension isotherm of their aqueous solutions near the 
critical micelle concentration (CMC), 8 x 10 -3 M. Sur¬ 
face tension was measured by the WUhelmy plate 
method with an accuracy of ±0.1 mN/m. 

Nickel ferrite nanoparticles were prepared using 
reagent-grade iron(II) sulfate (FeS0 4 • 6H 2 0) and 
nickel chloride (NiCl 2 • 6H 2 0). The organic phase used 
in flotation extraction was a mixture of toluene and 
isoamyl alcohol in the volume ratio 4 : 1 (Fluka 
reagents). 

The flotation extraction process was mn in a pur¬ 
pose-designed 2-L reactor. Its bottom part had a 
ceramic distributor for air delivery through a rotameter 
with the use of a compressor. The air distributor was 
secured so that it could be withdrawn in order to purify 
the column. The air introduced into the column was 
broken down into bubbles, which transferred SDS and 
metal ions on their surface to an extractant, situated on 
the surface of an aqueous solution in the form of a sep- 
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Quantitative elemental analysis data for the synthesized 
powder 


Element 

Energy, keV 

Weight 

percent 

Atomic 

percent 

Uncer¬ 
tainty, % 

O 

0.525 

41.93 

70.68 

0.30 

C 

1.739 

3.19 

3.06 

0.42 

Fe 

6.398 

44.57 

21.52 

0.94 

Ni 

7.471 

10.31 

4.73 

1.57 


arate phase, which was released from the top part of the 
column through an access hole. The compressor was 
connected to the column by rubber tubes. Glass stop¬ 
cocks were used to control the air flow rate and the col¬ 
umn discharge flow rate. 

The synthesis of nickel ferrite nanoparticles through 
the flotation extraction of precursors with SDS was 
tested using model solutions. The NiCl 2 and FeS0 4 
concentrations in solution were 1 x 10 -4 M. To 1500 mL 
of solution was added SDS to give a concentration of 
4 x 10 -4 M. The SDS was dissolved in 5 mL of ethanol 
and only then added to an aqueous solution in order to 
avoid untimely formation of micelles, which otherwise 
might have prevented the preparation of nickel and iron 
dodecyl sulfates. The metal ions were floated for 
10 min. As a result, the solution became colorless and 
the organic phase turned green, indicating that the 
nickel ions were transferred from one phase to another. 
After the flotation extraction process, the extractant 
and precursor were separated from the aqueous solu¬ 
tion. The solvent was distilled off and the residue was 
vacuum-dried in order to remove the toluene and 
isoamyl alcohol. The resultant powder was dissolved in 
distilled water to the critical micelle concentration of 
the salts obtained and was treated with sodium hydrox¬ 
ide until the complete precipitation of iron and nickel 
hydroxides. This was accompanied by partial reduction 
of the nickel hydroxide because of its amphoteric 
nature, which eventually led to the formation of a 
“magnetic colloid,” consisting of X-ray amorphous 
nonstoichiometric nickel ferrite and an iron oxide. 

The precipitate was filtered off, and the resultant 
powder was dried in air for several days and then in a 
drying chamber at 50°C for 3 h. This powder prepara¬ 
tion procedure, with no calcination, was used in order 
to preserve the amphiphiles that formed a protective 
adlayer on the powder nanoparticles and thus prevented 
them from sticking together. 

X-ray diffraction (XRD) patterns of the powder thus 
prepared were collected on a DRON-3M diffractome¬ 
ter using a copper target X-ray tube. In addition, an 
XRD pattern was calculated for a cubic lattice parame¬ 
ter of Fe 3 0 4 a = 0.838 nm, taken from a crystallo¬ 
graphic database and the Fe ions on the A site of the 
spinel structure replaced by nickel ions. The calculated 
XRD pattern of such an inverse spinel structure differed 
little from that of standard, orthorhombic NiFe 2 0 4 , 
with a cation distribution difficult for calculation. 


The shape and size of the nanoparticles were deter¬ 
mined by transmission electron microscopy (TEM) on 
a JEOL JEM-1011 operated at an accelerating voltage 
of 100 kV. Prior to particle size determination, the nan¬ 
opowder was dispersed in ethanol by sonication. The 
resultant dispersion was applied to a copper grid which 
had been sequentially coated with Formvar and carbon. 

Elemental analysis was carried out on a Philips 
SEMS 515 scanning electron microscope equipped 
with an EDAX ECON IV microanalysis system. The 
detection limit and largest error of determination for 
the elements present were 0.2 and 2.0%, respectively. 
The scan area for microanalysis was l.Ox 1.0x5.0 pm. 

In magnetic studies, we employed a multipurpose 
cryogenic high-field measurement system [16]. In 
addition to standard magnetization versus magnetic 
field measurements, we measured the magnetic sus¬ 
ceptibility of the material after cooling in zero field 
(ZFC) or a low magnetic field (FC). In the ZFC pro¬ 
cedure, the sample was cooled to 4 K without apply¬ 
ing a magnetic field and measurements were made in 
a static magnetic field. Next, the temperature was 
slowly raised and the magnetization was recorded. 
The FC procedure differed from the ZFC measure¬ 
ments only in that the sample was cooled in a non¬ 
zero magnetic field. FC and ZFC curves of magneti¬ 
cally inhomogeneous magnetic materials typically 
coincide at high temperatures but differ below their 
blocking temperature, T b . Their ZFC curves have a 
maximum at T b , whereas their FC curves usually rise 
monotonically down to very low temperatures. 

RESULTS AND DISCUSSION 

The experimental elemental analysis data for the 
synthesized powder (table) showed increased iron and 
oxygen concentrations relative to stoichiometric nickel 
ferrite (NiFe 2 0 4 ). The composition of the powder 
obtained in this study was xNiFe 2 0 4 • yFe 2 0 3 • <;H 2 0 
(NiFe 46 0 148 ); that is, the procedure described above 
yielded nonstoichiometric nickel ferrite. This composi¬ 
tion resulted from the fact that the synthesis process was 
accompanied by partial removal of nickel hydroxide 
because of its amphoteric nature. Moreover, the synthe¬ 
sized powder probably contained, in addition to iron 
and nickel hydroxides, the iron compounds 
(C 12 H 25 S0 4 ) 3 Fe, (C 12 H 25 S0 4 ) 2 Fe(0H), and 

(C 12 H 25 S0 4 )Fe(0H) 2 . They were difficult to isolate by 
filtering the precipitate and, most likely, remained in the 
mixture of nickel and iron hydroxides and in the powder 
obtained. This is evidenced by the rather high carbon 
content of the material obtained, which is only attribut¬ 
able to the residual SDS. This type of composite is 
referred to as “magnetic soap” and was described in 
detail by Mirgorod et al. [16] and Brown et al. [17], 

The XRD pattern of the synthesized powder (Fig. 1) 
had no sharp peaks, in contrast to diffraction patterns of 
perfect crystals. The elemental analysis and XRD data 
for the powder provide conclusive evidence that it con- 
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sisted of X-ray amorphous, nonstoichiometric nickel 
ferrite and a surfactant. Heat treatment at 600°C caused 
diffraction peaks from macrocrystalline nickel ferrite to 
emerge. 

The presence of dodecyl sulfates and hydroxyl 
groups led to the formation of a robust adlayer on the 
ferrite nanoparticles. The nanoparticles of the synthe¬ 
sized nonstoichiometric nickel ferrite ranged in size 


from 2 to 6 nm (Fig. 2a). Heat treatment at 600°C 
increased the particle size (Fig. 2b). 

Nanoparticles 2—6 nm in size are single-domain 
[1, 18]. The magnetic moments of all the atoms in the 
bulk of a domain are parallel to each other, and those of 
the atoms on its surface are oriented at random. If a bit 
of information will be carried by a 6-nm particle of the 
synthesized nickel ferrite instead of a 60-pm domain in 
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M, A m 2 /kg 



Fig. 3. Temperature dependences of specific magnetization for the synthesized nickel ferrite in a magnetic field of 24 kA/m: 
(i) ZFC, (2) FC. 


M, A m 2 /kg 



Fig. 4. Magnetic field dependence of specific magnetization for the synthesized nickel ferrite at 5 K. 


modem disks, the information storage density will be 
10 4 times higher [18]. For a nanoparticle to carry a bit of 
information, its magnetization should be reversed by an 
applied positive field (writing) or negative field (erasure) 
and should retain its orientation in the absence of a field 
(storage). Nanoparticles possess such properties up to 
their blocking temperature. To reverse the magnetiza¬ 
tion direction, a critical field (coercive force) should be 


applied in the opposite direction. The nanomaterials 
under consideration have a critical field as low as 0.1 T c 
(Fig. 3), meaning that even the low magnetic fields 
around us will cause such nanoparticles to “lose mem¬ 
ory.” At temperatures above T b = 25 K, the synthesized 
nickel ferrite nanoparticles possess superparamagnetic 
properties (Fig. 3), which is characteristic of magnetic 
nanomaterials [ 1, 19]. 
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The blocking temperature of nanoparticles can be 
raised through their self-organization. Magnetic 
dipole—dipole interactions in the nanoparticles will 
then increase the internal energy of the system. Because 
of the increase in energy barrier height, the blocking 
temperature will exceed that of an individual particle 
and will be given by T h ~ (T b ~ (KV+ E dip )/25k B . Note 
that this formula is for the T b of a periodic colloidal 
structure on the substrate surface rather than for the T b 
represented in Fig. 3. Another important characteristic 
of a magnetic nanomaterial is its specific saturation 
magnetization. That of the synthesized ferrite nanopar¬ 
ticles is 15.0 A m 2 /kg at 5 K (Fig. 4), which is slightly 
below the saturation magnetization of bulk NiFe 2 0 4 
(17.6 A m 2 /kg) [20], Magnetite also has such differ¬ 
ences: 50.3 [21] or 60.1 A m 2 /kg [22] against 
92.0 A m 2 /kg; that is, in our case the specific saturation 
magnetization of the nanoparticles is lower than that of 
bulk magnetic materials. 

CONCLUSIONS 

A method has been proposed for the preparation of 
nanoparticles of nonstoichiometric nickel ferrite with 
the composition xNiFe 2 0 4 • yFe 2 0 3 • <;H 2 0 in a system 
of direct sodium dodecyl sulfate micelles using ion flo¬ 
tation. The method can be used in recycling used mag¬ 
nets. The XRD pattern of the material prepared by this 
method has no strong reflections, in contrast to diffrac¬ 
tion patterns of perfect crystals, but heat treatment gives 
rise to strong reflections, typical of bulk nickel ferrite. 
The size distribution of the synthesized nanoparticles 
has a maximum in the range 4 to 6 nm, and they can 
form periodic island structures. The blocking tempera¬ 
ture of the synthesized nanopowder is about 25 K and it 
possesses superparamagnetic properties, with a specific 
saturation magnetization of 15 A m 2 /kg at 5 K. 
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